of carbon yield smaller grains and more homogeneous morphology of the residues than the analogues with lower or higher carbon amount. The advantage of the APC-based molecular precursor method is compared to previously reported procedures to produce bimetallic oxides.
INTRODUCTION
The increasing demand for devices designed for high-tech applications requires nanomaterials of uniform morphology and detailed knowledge of the reaction processes that lead to preparation of the desired products. Among the main targets are heterometallic oxides that exhibit a more complex array of optical, magnetic and electronic properties compared to their homometallic analogues. Some of the properties might be combined within the same compound giving access to multifunctional materials such as multiferroics. 1 With respect to physical characteristics that are important for advanced technology, a major target has become multimetallic bismuth(III) oxides due to their broad spectrum of potential applications including the next generation of data storage devices, 2 high T c superconductors, 3 solid electrolytes, 4 nonlinear optical and luminescent materials, 5 selective oxidation catalysts 6 and photocatalysts. 7 Apart from their valuable physical properties, bismuthcontaining materials have elicited considerable interest due to their potential environmentally benign alternatives to cadmium-or lead-based thermochromic systems 8 or as "green" lubricants. 9 Among the heterometallic Bi(III)-based oxides, bismuth vanadate, Bi 4 V 2 O 11 has been extensively examined for its fascinating ionic conducting behavior, 10 as well as for its dielectric, pyroelectric and ferroelectric properties. 11 The ionic conductivity, catalytic performance and mechanical resitance of Bi 4 V 2 O 11 can be considerably enhanced by partial substitution of the vanadium(V) ion by other metallic cations leading to the so called BIMEVOX family of heterometallic oxides. 12 On the other hand, bismuth cuprate, Bi 2 CuO 4 is the parent compound for producing high-temperature Bi-Cu-M-(M')-O superconductors. 13 Additionally, bismuth-copper oxides have been investigated as efficient catalysts in different processes. 14 The performance of many oxide materials has been reported to be sensitive to the synthesis conditions. 15 The multimetallic oxides are traditionally prepared by the ceramic route, which generally requires long heating times at high temperatures as well as repeated grinding.
Consequently, this method does not always yield single-phase products of the desired stoichiometry and granularity. When high-tech materials and devices with dimensions on the nanometer scale are concerned, more sophisticated synthetic pathways such as chemical vapour deposition, 16 mechanochemical activation, 17 hydrothermal methods, 18 sol-gel 19 or ionic layer deposition 20 are better choices.
An alternative synthetic strategy to tune the stoichiometry and microstructure of the oxide materials is the single-source molecular precursor (SSMP) method. 21 This route not only allows an intimate mixing of the different metal species on an atomic scale but considerably reduces the diffusion distances of the reactants and, as a consequence, the reaction time and temperature. The achievements in the field of SSMP method for the formation of Bi-based oxide materials have been summarised. 22 Ideally, a SSMP contains the exact ratio of the required metal atoms corresponding to the stoichiometry of the desired oxide. However, the synthesis of heterometallic compounds often represents an ambitious challenge because of the frequently divergent electronic and coordination requirements of the different metal species. These problems are further exacerbated when bismuth-containing compounds are involved, due to bismuth's high tendency to hydrolyze. As a result, the structural information available for heterometallic complexes of bismuth is relatively limited. However, an examination of the structures of the precursors could give some insight of the relationship between the intermetallic separations, thermal behaviour and composition of the resulting oxide materials.
Different routes to the formation of discrete heterobimetallic bismuth-based coordination complexes, mainly with alkoxide or carboxylate ligands, have been reported. 23 We have examined the ability of aminopolycarboxylic (H x APC) acids (x = 3-5) to control the hydrolysis process and to associate two different metal centres in a desired ratio within a heterobimetallic compound. The most attractive features of H x APC chelating agents are their high coordination capacity and variable charge which afford an easy adjustable stoichiometry of the target metals.
Moreover, upon thermal treatment, APC-based precursors release large amounts of gaseous products favoring the formation of porous materials that are of utmost importance in catalysis.
Along this line, we have started a systematic investigation of the influence of homologues APC ligands on the thermal degradation processes of heterometallic precursors and on the composition and microstructure of the final residue. The nature of the APC ligand is responsible for crystal packing and intermetallic distances that might affect the mixed-oxide formation process. Moreover, changing the organic matrix in the starting compounds can result in different morphological properties of the final oxide materials regarding the particle's shape and size, specific surface area and porosity. 24 Our previous work on the Ba-Co-containing system 25 demonstrated that, among the molecular precursors with the same Ba:Co ratio and similar APC ; L = 2,2'-bipyridine; y = 0, 1 or 2; n = 5-16) and used them as single-source molecular precursors for Bi 4 V 2 O 11 and Bi 2 CuO 4 heterometallic oxides. The decomposition behaviour of the precursors has been studied by combined TG/DTA. The complexes were heated in static air to produce oxide-residues.
Temperature controlled X-ray powder diffraction (TCXRD) has been performed under static or flowing air at different heating rates to elucidate the possible differences in phase transitions during thermolysis of the precursors. Scanning electron microscopic (SEM) studies were carried out to give some indication of grain size and morphology of the product particles at the final stage of the thermal treatment. domain. Both X-ray methods used Cu Kα (λ = 1.54187 Å) radiation. The precursors were deposited on platinum or gold sample holders (grid or thin foil) as thin layers using ethanol slurry that yields a regular layer of the powdered sample upon evaporation.
EXPERIMENTAL SECTION

General
The inorganic residues, obtained upon thermal treatment of the precursors, were examined at room temperature by powder X-ray diffraction with a Huber G670 diffractometer with Guinier geometry, equipped with front-monochromator using CuKα 1 radiation ( =1.54056 Å) or with a D8 Bruker AXS diffractometer using CuKα radiation ( =1.54187 Å), equipped with a Sol-X energy dispersive detector.
The microstructural properties of the resulted residues were characterized using a FEG Hitachi Ltd. S-4700 Scanning Electron Microscope (SEM).
Single crystal X-ray Crystallography. Crystallographic measurements for 1, 2 and 4 were carried out on Oxford-Diffraction XCALIBUR E CCD diffractometer and on Bruker SMART APEXII CCD diffractometer for 5 equipped with graphite-monochromated Mo-K radiation. 
, where n is the number of reflections and p is the total number of parameters refined.
The single crystals were positioned at 40 mm from the detector. The unit cell determination and data integration of 1, 2 and 4 were carried out using the CrysAlis package of Oxford Diffraction 26 and the APEX2 package of Bruker AXS for 5. The structures were solved by direct methods using Olex2 software 27 with the SHELXS structure solution program and refined by full-matrix least-squares on F² with SHELXL-97. 28 Atomic displacements for non-hydrogen atoms were refined using an anisotropic model. All H atoms attached to carbon were introduced in idealized positions (d C-H = 0.96 Å) using the riding model with their isotropic displacement parameters fixed at 120% of the riding atom. The molecular plots were obtained using the Olex2
program. The main crystallographic data together with refinement details are summarized in 
RESULTS AND DISCUSSION
Preparation and structures of the precursors. Two synthetic methods were used to prepare the complexes. In the first one Ba{Bi(APC)} 2 , obtained in situ by reacting stoichiometric amounts of BaCO 3 with aqueous solutions of Bi(Hedta)2H 2 O or Bi(Hcdta)5H 2 O, was further reacted with the vanadyl or copper sulphates according to Equations (1) and (2):
In the second route, aqueous solutions of Bi(HAPC) complexes were treated with freshly prepared vanadyl or copper carbonate species as per Equation (3): The complexes with one or two moles of 2,2'-bipyridine were synthesized from the reaction of 1 and the organic base in water or ethanol-water. Here 2,2'-bipyridine was involved as an ancillary ligand capable of affecting the crystal packing and the amount of combustible material in the precursors.
The results of X-ray diffraction studies of complexes 1, 2, 4 and 5 together with selected atomic numbering scheme are shown in Figures 1−4 . Selected bond distances are listed in Table   2 . Symmetry codes:
To the best of our knowledge, compounds 1, 2 and 4 are the first structurally characterized molecular precursors for Bi 4 The hexanuclear aggregates in the crystal of 1 are associated through an extended system of intermolecular H-bonds where the water molecules are donors while the carboxylate oxygen atoms act as acceptors. Accordingly, the crystal structure can be characterized as a threedimensional supramolecular architecture (Fig. S1 ).
[{VO(bpy)(H 2 O)} 2 {Bi(edta)} 4 ]•30H 2 O (2). Addition of 2,2'-bipyridine to 1 gives rise to compound 2 but, surprisingly, does not change essentially the architecture of the hexametallic aggregates (Fig. 2) . In the similar hexanuclear neutral units, the axial sites occupied by two water molecules in the coordination sphere of vanadium in 1 are taken by the nitrogen atoms of 2,2'-bipyridine in 2. This modification is accompanied by bending of the O17-V1-O1w angle to 172.5(3) o and to a slight distortion of the equatorial plane of vanadium coordination octahedron.
The displacement of the vanadium atom from the mean equatorial plane towards the apical vanadyl oxygen is 0.231 Å. The V-N distances in 2 are consistent with the literature data.
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The coordination geometry around the Bi1 ions is very similar to the one found in View of the asymmetric unit in the crystal structure of 4 with the thermal ellipsoids at 50% level. Non-relevant H-atoms and non-coordinated water molecules were omitted for clarity. Symmetry codes:
The coordination modes of the two crystallographically independent cdta 4-ligands are different. Thus, the heptadentate ligand coordinated to Bi1 has one bidentate and three unidentate carboxylate groups while in the {Bi2(cdta)} -units there are three bidentate carboxylate and one tridentate-bridging groups. It is noteworthy that in the latter case the cdta 4-ligand is undecadentate using all ten of its donor atoms (2N+8O) for coordination. Though it involves only eight atoms (2N+6O) in coordination, the edta 4-ligand in the structure of 1 is also undecadentate (Fig. 1) . This is the highest coordination capacity reported for Bi(III)-diaminetetracarboxylate-based complexes. In all the structurally studied Bi(III)-edta or Bi(III)-cdta compounds, 31 the ligands act as hexa-, hepta-, octadentate or, as recently published, 43 decadentate coordination agents.
{[Cu(H 2 O) 2 {Bi(cdta)(H 2 O)} 2 ]•H 2 O} n (5).
The asymmetric unit of the crystal structure of 5 along with atom labeling scheme is shown in Figure 4 . The octahedral coordination of copper ion, which occupies a special position on the center of symmetry, is performed by two water molecules and four oxygen atoms of the bridging carboxylate fragments. The apical Cu-O6 bond lengths (Table 2) (Fig. S4) . Figure 4 . View of the asymmetric unit in the crystal structure of 5 with the thermal ellipsoids at 50% level. Non-relevant H-atoms and non-coordinated water molecules were omitted for clarity. Symmetry codes:
The closest analogue of 5, with respect to composition and crystal structure, is The IR bands assigned to ν(V=O) appear in the range 954 -984 cm -1 . This band is located at 984 cm -1 for complex 4, which does not involve V=O in coordination (Fig. 3) and is shifted to 954 and 958 cm -1 for compounds 1 and 2, where vanadyl is coordinated to bismuth ( Fig. 1 and   2 ). The presence of non-coordinated vanadyl can be assumed in compound 3 as the ν(V=O) band has a value closer to that of 4 ( -based compounds 4 and 5 are tentatively assigned to ν(C-C) of cyclohexane ring.
Thermogravimetric analysis. The thermal decompositions of the precursors were followed by combined TG/DTA curves (Fig. 5, S5 and S6) . The results are summarised in Table   4 . For instance, in case of 4, the first step (Fig. 5a ) corresponds to the release of the molecules of crystallisation water (10.0% weight loss vs 10.2% calculated). The second endothermic process is consistent with the elimination of the water molecules (3.4% weight loss vs 4.0% calculated) coordinated to vanadium in the equatorial plane of the octahedron, in good accordance with its crystal structure (Fig. 3) . Moreover, a three-step elimination of the water molecules from compound 1 (Fig. S5 ) agrees well with its structural formula. The first process begins with the loss of the molecules of crystallization water (10.0% vs 12.0% calc.). The second endothermic effect corresponds to the release of the most distant (d V1-O1w = 2.174(5) Å) apical water molecules ( Fig. 1) (1.6% vs 1.4% calc.), while the equatorial water molecules, which are coordinated at shorter distances (2.039(4) and 2.012(5) Å), are eliminated last on heating (2.8% weight loss vs 2.8% calc.).
The second decomposition stage of the complexes includes the oxidative degradation of APC and 2,2'-bipyridyl ligands, occurring for the vanadium-based precursors in two or three distinct successive exothermic effects in the 240-455 °C temperature range (Table 4) .
Interestingly, the elimination of the organic matrix for the copper-containing precursor proceeds in only one exothermic event accompanied by an abrupt mass loss (Fig. 5b) . Even more, its complete decomposition temperature is 105-130 o C lower than for the vanadium-based precursors.
Finally, the decomposition of the precursors ends in the formation of inorganic residues.
The total weight loss is in relatively good agreement with the formation of the expected Bi 4 V 2 O 11 or Bi 2 CuO 4 mixed-oxides (Table 4) .
Temperature controlled X ray diffraction (TCXRD) studies. The analysis of thermal decomposition of the precursors has been completed by in situ TCXRD (Fig. 6, S7-S9 Considerable effort has been previously made to control the stoichiometry of the heterometallic oxides resulting upon thermolysis of suitable molecular precursors. Generally, heating time and temperature have been the most frequently tested factors. Occasionally, the ligand nature 25, 45 or the gaseous atmosphere 25 have been also probed. However, according to our recent findings the final product composition is strongly dependent upon the heating rate.
The TCXRD results of the precursors are summarised in Table 5 . The degradation process under static air at 10 o Cmin -1 heating rate provides the optimal reaction only in the case of precursors 1, 2 and 5 since the final residues, after cooling to room temperature, are the expected pure Bi 4 V 2 O 11 or Bi 2 CuO 4 . Under the same experimental conditions, precursor 4 yields a mixture of four oxides with significant amounts of the three undesired components (Fig. 6 , Table 5 ). (Table 5) . Surprisingly, thermolysis of compound 3 even in flowing air leads to the formation of an unknown phase as the major crystalline product along with Bi 4 V 2 O 11 as a minor component (Fig. S11) S8 ).
Considering the similarity of the structures of 1 and 2 ( Fig. 1 and 2) , that have comparable short intermetallic V---Bi separations (3.955 Å and 3.916 Å), it appears that the presence of the bpy ligand is the main reason for the different order of appearance of the intermediates throughout its thermo-degradation pathway. As a result, pure Bi 4 V 2 O 11 is formed exclusively from 2 as the only crystalline material before the sample is cooled to room temperature (Table 5) . It is most probable that bpy, which serves as additional combustible material (Table 6) , brings a beneficial contribution to the mixed-oxide formation process. A similar situation was observed in the previously reported Ba-Co-APC precursors. 25 Among the analyzed complexes, only the samples containing ~31-32 % carbon produced the desired singlephase 2H-BaCoO 3-δ . (Table 5) . Moreover, a further increase in the carbon content to over 37% ( Confirmation of the influence of heating rate on the mixed-oxide formation process is found in the TCXRD patterns of 4 ( Fig. 7) and 5 (Fig. S12) 36 Here one should note the influence of the APC ligand, which affects the carbon content (Table 6 ) and, most probably, of the intermetallic distances from the initial precursor on the mixed-oxide formation. Surprisingly, when 5 is decomposed at a much higher heating rate (20 o Cmin -1 ), followed by two hours of annealing, the final crystalline product is mainly Bi 7.38 Cu 0.62 O 11.69 (Fig. S13) . The expected Bi 2 CuO 4 is present at only low amounts. (Table S1 ). at an atomic scale, facilitates optimal reactions between the metallic centres. This prevents metal segregation and favours the formation of the expected stoichiometric mixed-oxides at temperatures even lower compared to the successful attempts performed at higher heating rates.
Microstructural properties. The SEM images of the powders resulting after heating the samples to 650 o C confirm the presence of porous agglomerates with sizes within 1-70 μm range depending on the starting precursor (Fig. 8) . The agglomerates are formed of strongly interpenetrated spherical or ellipsoidal grains with sizes within 0.3-3 μm range, the smallest grains being present in the residues produced by the cdta 4- -based precursors. The presence of numerous pores and channels permeating the oxide materials (Fig. 9 ) is most probably due to the abundant gaseous products released during oxidative destruction of the organic matrix from the complexes.
The results clearly demonstrate that for both vanadium and copper cdta 4-complexes, the removal of the organic species generates final residues of a rather homogeneous morphology. A similar situation was found in case of the bpy-edta 4- -based precursor 2, though the grain agglomerates are slightly larger. The most heterogeneous morphology of the residue was obtained for the edta 4- -containing precursor 1.
The difference in the morphology and grain size of the oxide material was related to the amount of combustible material in the precursors (Table 6) 
CONCLUSIONS
The use of APC-based single source molecular precursors is able to overcome some of the drawbacks of traditional solid state synthetic routes to heterometallic bismuth oxides, in particular poor control of the stoichiometry and homogeneity of the resulting oxide materials.
The heterometallic compounds formed by this method were found to smoothly decompose under thermolysis to produce mixed-oxides. The composition of the APC molecular precursors can be easily adjusted by using appropriate aminopolycarboxylates or additional ligands to achieve an optimal amount of combustible material as observed empirically, although the exact explanation 
